Background: Recurrent and metastatic carcinoma of the colorectum remains a major problem, with survival at 5 years post curative resection still only about 50%. Moreover, up to 30% of patients who present with early stage disease also relapse and die within 5 years, suggesting the presence of micrometastatic disease at diagnosis. One route of metastatic spread is via the blood stream, hence the detection of tumor cells in blood is likely to provide an important predictive tool with respect to relapse of disease. We have developed a sensitive molecular technique to identify tumor cells in blood using mutations in codon 12 of the K-ras gene as a marker. Materials and Methods: Twenty-seven patients whose tumor carried a mutation in codon 12 of K-ras were studied for the presence of tumor cells in perioperative peripheral blood samples. Immunomagnetic beads, labeled with an epithelial-specific antibody, were used to
INTRODUCTION
Despite recent advances in surgical and diagnostic techniques, a significant number of patients with early stage colorectal cancer who undergo staging. These patients might then also be offered adjuvant chemotherapy or radiotherapy post surgery.
Mutations in codon 12 of the K-ras gene have been identified as an early event in the development of up to 50% of colorectal tumors (2) . Identification of this mutation in a tumor thus provides a marker for tumor cells that may be present in the blood. We have developed a sensitive method, immunobead-polymerase chain reaction (PCR), for the detection of tumor cells bearing this mutation in blood (3) and have used this technique to address the question of the tumorigenic potential of K-ras-positive cells in the peripheral circulation and tumor cell release during surgical resection.
The process of metastasis involves sequential steps of tumor cell detachment from the primary tumor, adherence to and proteolysis of endothelial basement membranes, intravasation into the circulation, and initiation of secondary tumors in distal organs. Most of the tumor cells that enter the circulation die, and only a very small proportion succeed in establishing metastases (4, 5) . The aims of this study were to detect the presence of circulating tumor cells perioperatively and to determine the relationship of tumor cells in blood to disease-free survival following curative resection for colorectal cancer.
MATERIALS AND METHODS
Patients and Samples Twenty-seven consecutive patients whose colorectal tumor was positive for a K-ras codon 12 mutation were included in the study. The disease was staged according to the Dukes' classification (Astler Coller modified) (1). The median age was 74 years (range: 56-91) with 13 (6) .
To detect tumor cells in blood, the immunobead-PCR technique was performed (3). Firstly, epithelial cells were isolated from blood using immunomagnetic beads (Dynal, Oslo, Norway) labeled with the epithelial-specific antibody Ber-EP4 (Dakopatts, Gestrop, Denmark). This antibody was found to react strongly with all 27 tumor samples, either by flow cytometry or immunohistochemistry. Secondly, the PCR analysis was performed as described above, on the isolated epithelial cell/bead aggregates to determine the presence of a K-ras mutation. The sensitivity of detection of K-ras mutations using immunobead-PCR and silver staining was in the order of 1 has remained disease-free at 17.5 months post surgery, so perhaps tumor cells that gain direct access into the circulation may not necessarily have metastatic potential; Tarin et al. (7) demonstrated the absence of metastatic disease in some patients after months of continuous infusion of malignant ascites fluid into the bloodstream.
Previously, conventional cytology and immunocytochemistry have been used to detect tumor cells in blood. An immunofluorescence method, using the anti-cytokeratin antibody AE3, detected carcinoma cells in blood from the renal vein in 8 of 10 patients undergoing nephrectomy for renal carcinoma; three of eight patients had clinically detectable metastases prior to the assay, while five of eight have remained disease free for up to 35 months (8) , suggesting that most of the tumor cells released into the renal vein were arrested and destroyed in the pulmonary microvasculature. Another study, using both cytology and immunocytochemistry, detected circulating colorectal cancer cells in 4 of 42 patients, including 2 of 4 with Dukes' B disease (9) . The low detection rate was attributed to the fact that strict morphological criteria was applied in determination of malignant cells. Immunocytochemistry for an epithelial marker, cytokeratin 18, was used by Lindemann et al. (10) to determine the prognostic significance of tumor cells in bone marrow taken preoperatively from patients with colorectal cancer, 32% of the patients were positive and these patients had a significantly reduced disease-free survival.
More recently, the molecular techniques of reverse transcription and PCR have been used to detect very small numbers of tumor cells in blood in a range of neoplasms (11) (12) (13) (14) (15) ; however, results from these studies were not correlated with clinical outcome after long-term follow-up. Brown et al. (15) detected breast carcinoma cells in preoperative blood in of nine patients, in intraoperative blood in four of nine, but in zero of nine in blood collected 24 hr post surgery, suggesting a proportion of tumors shed cells as a result of surgery and that they were removed from the circulation within 24 hr. This is in contrast to our findings, where eight patients were positive for tumor cells in peripheral blood taken 16-24 hr post surgery.
The biological significance of very small numbers of tumor cells in the circulation remains to be elucidated. A study by Mayhem and Glaves (16) using a murine model of metastasis for Lewis lung carcinoma determined that 1000 Lewis carcinoma cells were needed to generate at least one pulmonary metastasis. At the limit of detection of tumor cells using our assay (i.e., 10 tumor cells/ml of blood), some 50,000 tumor cells may be circulating (based on an average blood volume of 5 1) at a given time point. If similar tumor kinetics can be applied to human carcinoma, then this implies that 50,000 circulating tumor cells would provide sufficient tumorigenic cells to enable metastases to form. Taking into account the inefficiency of the metastatic process such that less than 0.01% of these cells will survive (17, 18) , there is still the potential for some five metastatic deposits to develop. The observed frequency is even less in our patient group, with only two patients developing secondary deposits at more than one site, although multiple seeding at the same site cannot be excluded.
In two patients with stage D (metastatic) disease we did not find circulating tumor cells prior to surgery and this may reflect the sporadic release of tumor cells from the primary (or secondary) tumor(s) into the blood (19 (20) .
In conclusion, this preliminary study shows that K-ras immunobead-PCR is a sensitive and specific technique for identifying tumor cells in blood. The correlation between the presence of tumor cells in blood and shortened disease-free survival shows that the technique is useful for identifying colorectal patients at diagnosis who are at increased risk of relapse. This should result in a more appropriate selection of patients for further treatment and so lead to a reduction in morbidity and mortality in these patients.
